Abstract. An improved ultrahigh upper gate 4H-SiC MESFET (UU-MESFET) with serpentine channel structure (UUSC-MESFET) was proposed. With the implement of the serpentine channel, the channel electric field and the gate depletion layer have been more modulated compared with the UU-MESFET. The simulations show that the breakdown voltage and the drain saturation current of UUSC-MESFET are improved by 13.6%, 12% than those of UU-MESFET and by 44.5%, 23% than those of the double-recessed structure (DR-MESFET). By introducing a recessed channel layer, the proposed structure has an improvement of 27.3%, 81.3% in the out maximum power density compared with that of the UU-MESFET and DR-MESFET, respectively. In the meanwhile, the proposed structure possesses smaller gate-source capacitance, which results in better RF characteristics. Therefore the proposed structure has a superior electrical characteristic and performance.
Introduction
Recently, Silicon carbide (SiC) based metal semiconductor field effect transistor (MESFET) have received much attention in high frequency and high power applications due to its superior material properties, such as wide band gap, high critical breakdown field, large electron saturation velocity, low dielectric constant and high thermal conductivity [1] [2] . These offer wider bandwidth operation and lower system size compared to Si-and GaAs-based technologies [3] [4] .
A lot of researches on SiC MESFET have been reported and most of them are based on the double-recessed (DR-MESFET) structures [5] , such as recessed source/drain drift region [6] , multi-recessed source/drain drift region [7] , partly un-doped space region [8] , multiple-recessed depletion region [9] . However, the structures mentioned above achieve smaller capacitance but do not implement a larger current or a larger breakdown voltage. To get greater electrical properties, ultrahigh upper gate [10] was proposed. But the drain saturation current of UU-MESFET is slightly increased when the H ug achieves to a certain degree. So, in order to gain larger current densities and keep a higher breakdown voltage, an improved ultrahigh upper gate 4H-SiC MESFET (UU-MESFET) with serpentine channel structure (UUSC-MESFET) was proposed for this time.
The proposed structure with serpentine channel region allows the larger current densities through the channel layer due to the thicker channel layer under the upper gate which reduces the impedance of the device. The existence of the recessed gate-drain drift region by the serpentine channel makes gate depletion layer further modulated. Using the 2D simulator ISE_TCAD, the simulated results show that the proposed structure leads to a higher breakdown voltage and the saturation drain current is also improved. Simultaneously, the frequency characteristics are improved, too.
Device Structure
The schematic cross-sections of the 4H-SiC DR-MESFET, UU-MESFET and UUSC-MESFET structure used in this simulation are presented in Figure. 1. The structures consist of a high-purity semi-insulating substrate, a p-type buffer layer with a thickness of 0. The 2D simulator, ISE_TCAD is used to simulate the device characteristics with 4H-SiC material parameter for those three structures [11] . In order to achieve realistic results, many important and necessary models are activated. The basic Poisson and drift-diffusion equations, Shockley read hall (SRH) and Auger for generation and recombination, Doping Dep, Enormal and High Fieldsat for mobility, Incomplete for incomplete ionization of dopants, and Avalance for impact ionization. A temperature of 300[K] is employed by default in simulations. By using those most recently published for 4H-SiC that provided the best agreement with the experimental date [12] [13] . So, by the comparisons of experiment results as a calibration results, the simulation results could be verified in the UUSC structure. Figure 2 shows the simulated drain current (I d ) versus the drain-source voltage (V ds ) for DR-MESFET, UU-MESFET and UUSC-MESFET under the gate voltage bias (V g ) from 0 to -8 V with a step of -4 V. It can be seen that with the implement of the serpentine channel, the I d of the UUSC-MESFET is always larger than that of UU-MESFET at various V g . The reason for that is a larger product of the channel doping and thickness under the upper gate.
Results and Discussion

Drain Current
It can be noted that the saturation drain current of the UUSC-MESFET is 558[mA/mm]. There is a 12% and 23% increase to the UU-MESFET [498mA/mm], DR-MESFET [454mA/mm] respectively. Due to the larger channel total charge, the impedance of the channel layer is decreased. From the equation of the channel current，which is simply given by the charge multiplied by its velocity(V) [8] , where Z is the channel depth and Q n is the channel total charger.
It is clearly that the UUSC-MESFET could gain larger drain current than other two structures attribute to the thicker channel depth and larger channel chargers. As it shown in figure3, the gate depletion layer in channel of the proposed UUSC-MESFET is smaller than those of two structures which means there could be more space for carrier to go through. Thus, a larger saturation drain current is achieved from UUSC-MESFET. The further investigation shows that with the increase of H sd , the drain current increases too, duo to the larger thickness of channel under upper gate and the depletion modulation. 
Breakdown voltage
The threshold voltages (V t ) of UUSC-MESFET, UU-MESFET and DR-MESFET structures are -12. The existence of ultrahigh upper gate makes the surface electric field distribution be modulated [10] . With the employment of serpentine channel simultaneously, it could be more prominent on the breakdown of the device. The recessed gate-drain drift region on the UUSC-MESFET reduces the electric field strength at the edge of the gate [14] . And, it also contributes to reduce the electric field crowding at the gate corner near the drain which results in the larger breakdown voltage. Although, with the increase of H sd , the saturation drain current will be improved. Considering the breakdown characteristic and the effect of the ion implantation process comprehensively, the value of H sd is chosen as 0.10[μm]. The maximum theoretical output power density for a Class A amplifier is given by the following equation [12] , where V knee is the knee voltage.
According to the above equation, the maximum theoretical output power density of the UUSC-MESFET is 8.43[W/mm], 27.3% larger than that of UU-MESFET 6.62 [W/mm] and 81.3% larger than that of DR-MESFET 4.65[W/mm]. Therefore, the UUSC-MESFET structure has a more significant improvement in DC characteristics comparing with the UU-MESFET.
RF Performances
The simulated gate-source capacitances (C gs ) of the three structures are shows in figure5. It can be been seen that the Cgs of UUSC-MESFET is reduced by 6.1%, 18.6% compared with UU-MESFET and DR-MESFET.
From the simulated results, it is illustrated that the ultrahigh upper gate space has a remarkable effect on decreasing the Cgs. With the employ of the serpentine channel, the Cgs will decreases further. Because having introduced the recessed gate-drain drift region, the depletion layer is more modulated and the suppression of depletion layer extending to source/drain enhances too. From the Figure3, it can be seen that, the margin of the depletion near the drain side is suppressed more in the UUSC-MESFET structure. Figure 6 shows the DC transconductance (g m ) versus gate voltage at V ds =1[V] and V ds =40 [V] . Because the depth under the lower gate of UUSC-MESFET is keeping at 0.2[μm] unchanged, with the increased of drain saturation current, the transconductance of UUSC-MESFET decreases slightly. However, the improvement on the gate-source capacitance could make up for the deficiency on the transconductance. Further investigation shows that the transconductance of UUSC-MESFET can be enhanced by shortening the thickness of channel a bit under lower gate regions. Figure 7 shows the simulated small signal current gain (h21), maximum stable gain (MSG), maximum available gain (MAG) and unilateral power gain (U) for both structures as a function of frequency at V ds =40V and V g =0V. The results show that the cut-off frequency (f T ) of UUSC-MESFET, UU-MESFET and DR MESFET are 17.0, 16.1, 13.7[GHz] and the maximum frequency (f max ) are 61.1, 57.2, 48.1 [GHz] , respectively. Due to the decrease on the transconductance, the MAG for the UUSC-MESFET is lower than other two structures at lower frequency. The expressions for the f T and f max are as followings [9] :
Where R ds is the device drain-source resistance and R g is the device gate resistance. By means of analysis to the simulated gate-source capacitance and the DC transconductance, it is clearly that the UUSC-MESFET structure has superior f T and f max compared to the UU-MESFET. From the analysis above, it can be known that the increase of the f T is derived from the larger g m /C gs , and the enhanced of the f max is due to the smaller gate resistance. 
Conclusion
In this paper, an improved ultrahigh upper gate 4H-SiC MESFET with serpentine channel structure was proposed. On account of the serpentine channel, the gate depletion layer is further modified and a wider channel layer under the upper gate is provided. By ISE simulation, the drain saturation current and breakdown voltage of UUSC-MESFET are 558[mA/mm] and 133[V], 12% and 13.6% larger than those of UU-MESFET structure, 23% and 44.5% larger than those of DR-MESFET structure. The P max of the proposed structure is 8. . Overall, superior power and RF performance could be obtained with serpentine channel structure of ultrahigh upper gate 4H-SiC MESFET. So, the improved UUSC-MESFET will be much promising for microwave high power applications.
